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Description 



Low Capacitance FET for Operation at 
Subthreshold Voltages 

Background of Invention 
[0001] Field of the Invention 

[0002] The present invention relates generally to field effect 

transistors (FETs). More specifically, the present invention 
relates to an FET in which source and drain extensions do 
not overlap the gate electrode. This structure lowers the 
overlap capacitance, thereby allowing high speed opera- 
tion at subthreshold voltages. 

[0003] Description of the Prior Art 

[0004] Field effect transistors (FETs) are commonly used in digital 
electronics and low power electronics. Presently, power 
dissipation in FET devices is an important factor limiting 
the reduction in FET size and increases in device density. 
As FETs are made smaller and packed closer, the power 
density of an electronic chip increases rapidly, thereby 



creating excessive lieat and operating temperatures de- 
structive to the chip. 

[0005] One possible solution to the power dissipation problem is 
to reduce the operating voltage to levels below what is 
known as the transistor "threshold" voltage, Vt. Fig. 1 
shows a plot illustrating the threshold voltage for a typical 
conventional FET device. The threshold voltage is the volt- 
age at which the source-drain current transitions from an 
exponential dependence on gate voltage to a linear or 
quadratic dependence on gate voltage. For typical FET de- 
vices used in microprocessors, the threshold voltage is 
about 0.2 volts. Conventional FET microprocessor circuits 
operate at voltages far in excess of the threshold voltage, 
for example at about 1.2 volts or 5-6 times the threshold 
voltage. Operating at voltages above threshold provides 
the substantial advantage of increasing the switching 
speed of the FET device. 

[0006] However, operating at relatively high voltages increases 
the power dissipation of the FET, thereby limiting the de- 
vice density on a chip. It is well known that power dissipa- 
tion can be greatly diminished by operating at voltages 
below the threshold voltage. Operating in the "subthresh- 
old" regime would thereby allow for greater device density 



and parallelism (e.g. parallelism at the circuit design 
level). Unfortunately, operation in the subthreshold 
regime reduces the switching speed of the FET. However, 
it has been discovered that the reduction in switching 
speed could be more than offset by the allowed increases 
in device density. In other words, it is possible that the in- 
crease in device density and parallelism will more than 
compensate for the reduced switching speed so that a net 
increase in processing power is achievable with a sub- 
threshold circuit. 
[0007] Therefore, subthreshold operation offers a potential solu- 
tion to the power dissipation problem of conventional 
processors. Subthreshold FET processors do not guaran- 
tee boosts in processing power, however, because the re- 
duction in switching speed at subthreshold voltages can 
be large. 

[0008] FET switching speed is adversely affected by the electrical 
capacitance ("overlap capacitance") between the gate elec- 
trode and the source and drain electrodes. 

[0009] It would be an advance in the art to provide an FET device 
having reduced overlap capacitance so that the FET would 
have greater switching speed in the subthreshold regime. 
Such an FET could allow subthreshold processor chips to 



have greater processing power compared to conventional 
above-tliresliold processors, and tliereby provide a solu- 
tion to the power dissipation problem that currently limits 

conventional processors. 
Summary of Invention 

[0010] The present invention includes a field effect transistor 

having source and drain extensions and a channel doping 
region disposed between the source and drain extensions. 
Underlap regions are disposed between the channel dop- 
ing region and the extensions. The underlap regions have 
a doping level of less than IxlO^^/cc over a length equal 
to or greater than a thickness of a gate oxide thickness. 
The underlap regions reduce overlap capacitance and 
thereby increase switching speed. At subthreshold volt- 
ages, the underlap regions do not substantially increase 
the total device resistance. 

[0011] Alternatively, the underlap regions can have dopant con- 
centration of less than 5xlO^^/cc or IxlO^^/cc. Also, the 
underlap regions can have a length of 2, 3, 4, or 5 times 
the gate oxide thickness or greater. The underlap regions 
can have a length of about 3-15 nanometers, for exam- 
ple. The underlap regions can have the same or different 
conductivity type as the channel doping region. 



[0012] Also, the underlap regions preferably have a resistance of 
less than 30% (and more preferably less than 20%) of the 
ON-state resistance of the channel doping region at the 
threshold voltage. 

[0013] The present invention includes field effect transistors hav- 
ing only a single underlap region. The single underlap re- 
gion can be on the source side or drain side of the chan- 
nel doping region. 

[0014] The present invention includes an electronic circuit with a 

field effect transistor having an underlap region and a 

voltage supply for providing voltage to the field effect 

transistor to operate it at a voltage less than about 130% 

or 100% of the threshold voltage. 
Brief Description of Drawings 

[0015] Fig. 1 shows a graphical plot of source-drain voltage ver- 
sus gate-source voltage for a field effect transistor, illus- 
trating the voltage threshold concept. 

[0016] Fig. 2 (Prior Art) shows a conventional FET device with 
slightly overlapped source and drain extensions. 

[0017] Fig. 3 shows a FET according to the present invention. The 
FET has underlap regions 18 that have a very low dopant 
concentration. 

[0018] Figs. 4a-4c show plots of exemplary dopant concentration 



in the underlap regions. 
[0019] Fig. 5 sliows an embodiment of the present FET having 

only one underlap region. 
[0020] Fig. 6 shows an embodiment of the present FET wherein 

OLE_LINK29the underlap regions extend under the gate. 
[0021] Fig. 7 shows an embodiment of the present FET wherein 

the channel doping region is wider than the gate. 
[0022] Fig. 8 shows an electronic circuit according to the present 

invention having a field effect transistor with an underlap 

region. 

[0023] Figs. 9a-9f illustrate an exemplary method for making the 

present field effect transistor. 

[0024] Fig. 10 shows a dual gate finFET with underlap regions 

according to the present invention. 
Detailed Description 

[0025] The present invention provides a field effect transistor 
having undoped or lightly doped underlap regions. The 
underlap regions are located between the FET channel 
doping region and source/drain extensions. The underlap 
regions may have zero doping or doping less than 1 x 10 
^^/cc or 5 X 10^^/cc for example. The underlap regions 
greatly reduce the overlap capacitance of the present FET, 
and thereby provide higher switching speed. The under- 



lapped regions have a relatively high voltage threshold 
and a relatively high resistance. However, the high resis- 
tance of the underlap regions is not problematic because, 
in subthreshold operation, the channel doping region re- 
sistance is higher than the resistance of the underlap re- 
gions. Hence, in subthreshold operation, the underlap re- 
gions tend to reduce overlap capacitance and increase 
switching speed without substantially affecting the total 
ON-state resistance of the device. The present FET is 
therefore particularly well suited for operation at sub- 
threshold voltages. 

[0026] vvith respect to the drawings, identical elements are noted 
with identical numbers. 

[0027] Definitions:Threshold voltage: Threshold voltage is de- 
fined as the gate voltage that results in source-drain cur- 
rent approximately equal to 100 nanoAmperes x W/L, 
where L is the length of the FET channel, and W is the 
width of the FET channel. 

[0028] Channel: Region of the FET that experiences band- 
bending when gate voltage is applied. 

[0029] Channel doping region: Region of the FET that is doped 
with the channel dopant. The channel doping region can 
be longer or wider than the channel. 



[0030] ON-state: An FET is in tlie ON-state wlien a voltage within 
10% of the full operating voltage (i.e. the power supply 
voltage) is applied to the FET gate. 

[0031] Fig. 2 shows a conventional field effect transistor FET ac- 
cording to the prior art. The FET has a source diffusion 2 
and a drain diffusion 4. A gate 6 is disposed over a chan- 
nel doping region 10 (channel D. R.). A gate oxide insula- 
tor 8 separates the gate 6 from the channel doping region 
10. Source extension 12 and drain extension 14 are dis- 
posed between the channel doping region 10 and the 
source and drain. The extensions 12 14 have a high 
dopant concentration and minimize the resistance be- 
tween the channel doping region and the source and drain 
diffusions. It is important to note that conventional FETs 
have extension overlaps 16. The overlaps are defined as 
the overlapping regions between the extensions 12 14 
and the gate 6. Overlaps provide low resistance electrical 
contact between the channel doping region and source 
and drain, but tend to increase the overlap capacitance of 
the device (i.e. capacitance between the gate and source 
and drain), and thereby reduce the switching speed. As a 
result of the high overlap capacitance, the conventional 
FET of Fig 2 is poorly suited for operation in the sub- 



threshold regime. In the subthreshold regime, the overlap 
capacitance created by the overlaps 16 tends to reduce 
switching speed to an extent that subthreshold circuits 
with high device density may have lower processing power 
compared to conventional above-threshold circuits. 
[0032] Fig. 3 shows an FET according to the present invention. 
The present FET has the source 2, the drain 4, the source 
extension 12, the drain extension 14, gate 6 and channel 
doping region 10. For clarity, sidewall spacers, metal con- 
tacts and other FET elements well known in the art are not 
illustrated. 

[0033] The present FET can be made in many material systems. 
For example, the present FET can be made with well- 
known silicon, silicon-germanium, silicon-on-insulator 
(SOI) or gallium arsenide technology. 

[0034] The extensions 12 14 are typically highly doped, low re- 
sistance regions with a dopant concentration in the range 

18 20 

of 10 -10 /cc. The channel doping region will typically 
have a dopant concentration in the range of about 5x10 

17 18 

-5x10 /cc. These dopant levels are typical for conven- 
tional FET devices and can be typical for the present FET 
devices. 

[0035] Significantly, the present FET has underlap regions 18 



with dopant concentrations mucli lower than the dopant 
concentrations in the extensions 12 14 or channel doping 
region 10. The underlap regions 18 are defined as regions 
having a dopant concentration of no more than 1x10^^/ 

16 16 

cc, or alternatively, 5 x 10 /cc or 1 x 10 /cc. Preferably, 
the underlap regions have at least a portion with dopant 

16 15 

concentration less than 5 x 10 /cc, 5 x 10 /cc or 1 x 10 
^^/cc. With such low dopant concentrations in the under- 
lap regions 18, the FET will have low overlap capacitance. 
Also, the underlap regions 18 will tend to have a relatively 
high resistance and a relatively high threshold voltage. 
The underlap regions 18 can have the same or different 
conductivity type as the channel doping region 10. The 
dopant in the underlap regions can be boron, phosphorus 
or arsenic, for example, or any other known dopant. 
[0036] The underlap regions 18 have a lateral thickness 20. The 
lateral thickness is defined as the length over which the 

17 

dopant concentration is no more than 1x10 /cc, or, al- 

16 16 

ternatively, 5x10 /cc, or 1 x 10 /cc. In any case, the 
lateral thickness is at least as great as a thickness 22 of 
the gate oxide insulator 8. Alternatively, the lateral thick- 
ness may be 2, 3, 4 or more times as great as the gate 
thickness 22. Gate insulators 8 typically have a thickness 



in the range of about 1-5 nanometers. The lateral thick- 
ness 20 can be in the range of about 1-25 nanometers, 
but will more typically be in the range of about 3-15 
nanometers. 

[0037] The underlap regions 18 tend to significantly reduce the 
overlap capacitance of the present FET device. With the 
extensions located relatively far from the gate, and not di- 
rectly under the gate, the overlap capacitance is reduced. 
For example, the overlap capacitance can be reduced by 
about 30% by the underlap regions 18. Consequently, the 
switching speed of the present FET is increased. For ex- 
ample, the switching speed can be about 15-20% faster 
with the underlap regions 18. 

[0038] It is noted that the threshold voltage tends to increase as 
lateral thickness 20 of the underlap regions increases. 
Dopant concentration will also affect the threshold volt- 
age. The threshold voltage of the present field effect tran- 
sistor can vary widely depending on application, but can 
be in the range of 0-2 volts, or more typically, 0.1-0.8 
volts. 

[0039] The present FET can be operated in subthreshold or su- 
perthreshold regimes. In both subthreshold and su- 
perhreshold operation the reduced overlap capacitance 



tends to increase the switching speed of the present FET. 
[0040] However, the present FET is particularly well suited for 
subthreshold operation. In the subthreshold regime, the 
channel doping region 10 tends to have a greatly in- 
creased resistance compared to the superthreshold 
regime. This is true for any FET device. For example, the 
ON-state channel doping region resistance in the sub- 
threshold regime can be 10-1000 times higher than in the 
superthreshold regime. Therefore, in the superthreshold 
regime, the fixed resistance of the underlap regions 18 
will dominate. For example, the overlap regions 18 can 
have resistance 5-10 times higher than the channel dop- 
ing region in superthreshold operation. Consequently, the 
device will exhibit relatively poor switching characteristics 
and low sensitivity to gate drive in superthreshold opera- 
tion. However, in subthreshold operation, the channel 
doping region 10 will have an ON-state channel doping 
region resistance higher than the underlap regions 18, 
and the underlap regions 18 will have a proportionately 
much smaller contribution to the total device resistance. 
For example, in subthreshold, the underlap regions 18 
may each have 1/10, 1/5 or 1/3 the resistance of the 
channel doping region in the ON state, or a resistance of 



about 5-30% or 10-20% of the channel doping region 
(wherein the ON-state resistance is determined at a 
threshold voltage of the field effect transistor). Therefore, 
high resistance of the underlap regions 18 will not greatly 
impair FET performance in subthreshold operation. At the 
same time, the underlap regions will provide substantially 
increased switching speed. 
[0041] jhe present FETs are preferably employed in circuits de- 
signed for use at subthreshold voltages. In typical FET cir- 
cuits, the "operating voltage" is generally defined as the 
voltage applied between the gate and source of the FETs. 
In the present invention, the operating voltage applied 
between gate and source is preferably in the range of 
about 50-120% of the threshold voltage, and more 
preferably in the range of about 70-100% of the threshold 
voltage. For many typical FET integrated circuits, the op- 
erating voltage applied between gate and source will be 
the same as or slightly lower than the power supply volt- 
age. 

[0042] The present FET can be operated at voltages slightly 
above threshold, for example 10%, 20% or 30% above 
threshold. At such operating voltages, the ON-state chan- 
nel doping region resistance will still be relatively high. 



and will typically be higher than the resistance of the un- 
derlap regions 18. Hence, the operating characteristics of 
the present FET will be suitable for many applications 
even at voltages slightly above threshold. 
[0043] It is noted that the dopant concentration in the underlap 
regions 18 might not be uniform. For example, the dopant 
concentraion may be graded across the underlap regions 
18 in the lateral direction. In the present invention, the 
underlap regions must have a dopant concentration of 

17 16 

less than 11x10 /cc or 5x10 /cc over a distance of at 
least one gate insulator thickness. The dopant concentra- 
tion within the underlap region may vary provided that it 

17 16 

does not exceed 1 x 10 /cc or 5 x 10 /cc. Figs. 4a, 4b, 
and 4c for example show several plots of dopant concen- 
tration versus lateral position (i.e. doping profiles) for ex- 
emplary FETs according to the present invention. 

[0044] Preferably, the source and drain underlap regions 18 have 
similar (e.g. symmetrical) doping profiles. They may have 
the same dopant concentration, dopant type, lateral thick- 
ness and dopant grading. Alternatively, the underlap re- 
gions 18 have different (e.g. asymmetrical) doping pro- 
files, dopant levels, lateral thicknesses or grading. 

[0045] Fig. 5 shows an embodiment of the invention in which the 



present FET has only one underlap region 18. The FET of 
Fig. 5 has a single underlap region 18 between the source 
extension 12 and the channel doping region 10. The drain 
extension 14 has a slight overlap 24 with the channel 
doping region 10. The FET of Fig. 5 will tend to have a 
slightly higher overlap capacitance compared to FETs with 
two underlap regions 18. However, the device of Fig. 5 
will tend to have lower ON-state resistance and will tend 
to have better switching characteristics at voltages slightly 
above threshold. Alternatively, the single underlap region 
18 is disposed between the drain extension 14 and the 
channel doping region 10. 

[0046] Fig. 6 shows an alternative embodiment in which the 

channel doping region 10 is narrower than the gate 6. The 
underlap regions 18 extend under the gate 6. In the 
present invention, it is preferable for the extensions 12 14 
to not extend under the gate 6 as this would increase the 
overlap capacitance and reduce switching speed. 

[0047] Fjg_ 7 shows an alternative embodiment in which the 

channel doping region 10 is wider than the gate 6. In this 
embodiment, the ends of the channel doping region 10 
will be less affected by gate voltage, and, consequently, 
the channel doping region 10 may have a higher threshold 



voltage. 

[0048] Fig. 8 shows a schematic illustration of an electronic ap- 
paratus according to the present invention. The apparatus 
has a subthreshold circuit 30 containing field effect tran- 
sistors 32 having underlap regions according to the 
present invention. The circuit 30 is connected to a voltage 
supply 34 supplying electrical power so that the FETs 32 
are operated at a voltage slightly above or lower than a 
threshold voltage of the field effect transistors 32. For ex- 
ample, the voltage supply can supply voltage of less than 
about 130%, 100% or 70% of the threshold voltage of the 
FETs 32, or in the range of 70-130% of the threshold volt- 
age. Preferably, the FETs 32 have approximately the same 
threshold voltage. The subthreshold circuit can be any 
digital or analog circuit such as a microprocessor, appli- 
cation-specific integrated circuit (ASIC), digital signal pro- 
cessor (DSP) or the like. 

[0049] Figs. 9a-9f illustrate an exemplary method for making the 
present field effect transistor. The method of Fig. 9a-9f is 
merely exemplary and is not intended to limit the inven- 
tion. Other methods for making the present FET are pos- 
sible. 

[0050] Fig. 9a: A damascene gate mandrel 40 is deposited and 



patterned as known in the art. The channel doping region 
10 is formed by diffusion and/or ion implantation. 

[0051] Fig. 9b: The gate insulator oxide 8 and gate are de- 
posited. The damascene gate mandrel determines the size 
and location of the gate insulator 8 and gate. 

[0052] Fig. 9c: The damascene gate mandrel is removed. Spacers 
42 are deposited, as known in the art. 

[0053] Fig. 9d: Source and drain extensions 12 14 are formed by 
diffusion and/or ion implantation. The spacers 42 are 
wide enough to ensure that the extensions 12 14 do not 
overlap the channel doping region 10. 

[0054] Fig. 9e: Spacers 44 are formed on spacers 42. 

[0055] Fig. 9f: Source and drain deep diffusions are formed. 

[0056] Subsequent to Fig. 9f, silicides and electrical wiring layers 
can be formed, as known in the art. 

[0057] Fig. 10 shows a top view of an embodiment of the present 
FET having a dual-gate finFET structure. Dual gates 6 are 
disposed on opposite sides of the channel doping region 
10. Underlap regions 18 are disposed between the exten- 
sions 12 14 and the channel doping region 10. The finFET 
with underlap regions 18 can be made by using the spacer 
masking technique illustrated in Figs. 9a-9f. In this case, 



spacers 50 will be present on top of the underlap regions 
18. More details of a spacer technique for making finFETs 
is provided in US published patent application 
2003/0057486A1, which is hereby incorporated by refer- 
ence. 

[0058] It will be clear to one skilled in the art that the above em- 
bodiment may be altered in many ways without departing 
from the scope of the invention. Accordingly, the scope of 
the invention should be determined by the following 
claims and their legal equivalents. 



